Abstract: Urban transformation and expansion in Mexico City continuously affect its urban morphology, and therefore the modes of wind circulation inside it and their occurrence probabilities. Knowledge on these topics is an important issue for urban planning and for other urban studies, such as air quality assessment. In this paper, using a lattice wind model at a meso-β scale, we develop a simple description and characterization of Mexico City local wind events that occurred during the period 2001-2006, including an estimation of the occurrence probabilities. This region was modeled as a 2D lattice domain of identical cells, and wind conditions in each cell were described by four wind attributes: the horizontal velocity components, divergence, and vorticity. Models of one and four cells were applied to wind data furnished by the meteorological network of the city. Results include the following: Early morning: low intensity winds (75%) from N, NW, W and SW (75%), convergent (93%), with a slight predominance of cyclonic vorticity (54%). Morning and early afternoon: winds from N, NE and E (72%) with speeds from 0.5 to 3.5 m/s, slight prevailing of convergent winds (51%), and slight predominance of cyclonic vorticity (57%).
Introduction
In this paper, we performed a wind taxonomy study of Mexico City for the period 2001-2006. Our main objective was to identify and characterize the local wind events of the city and estimate their occurrence probabilities. This study was carried out from the standpoint of a lattice wind model (LWM) at a meso-β scale [1] [2] [3] using the wind data measured by the meteorological network (REDMET) of the atmospheric monitoring system (SIMAT) for the Mexico City Metropolitan Area [4] . The LWM yields a set of model wind events (or wind states) which are described individually in terms of four continuous state parameters, the horizontal wind velocity components (u, v) , the wind divergence (), and the wind vorticity (). In this paper, however, the statistical analysis of the Mexico City model wind events was carried out in terms of the finite set of discrete wind states that results from using simple discrete scales of measurement to assign their values to the state parameters. This analysis provides a characterization of the wind states and an estimation of their occurrence probabilities from an individual standpoint. In another paper [5] , otherwise, we studied the same set of continuous wind states from the standpoint of hierarchical cluster analysis with the purpose of recognizing and characterizing the clusters of wind states that can be considered as instances or cases of the wind circulation patterns that prevailed in the Mexico City region during the period 2001-2006. Description and characterization of the local wind events and the estimation of their occurrence probabilities are important issues for different purposes in several fields of application, such as urban planning, wind resource assessment, and air quality assessment, among others. Increasing urban transformation and expansion change the morphology of a city, and these modifications have to be taken into account in urban planning because they induce mechanical and thermal processes that change the local wind circulation conditions [6] , affect the local urban climate [7] , and intensify the urban heat island [8] [9] [10] . During air quality assessment, knowing the wind circulation modes in a city allows one to understand how the emissions of pollutants will be transported and dispersed in the atmosphere [11, 12] , how these emissions will impact the area near the sources [13] , and how to evaluate the possibilities of pollution being transported toward the surrounding urban and rural settlements [14] . On the other hand, an accurate wind resource assessment, the process by which wind power developers estimate the future energy production of a wind farm, requires knowledge of the main wind circulation scenarios which are crucial to the successful development of urban wind farms [15] .
The Study Region
Mexico City lies inside the tropical Basin of Mexico, located in the middle region of the neovolcanic axis (between 19.0 and 19.6 degrees north latitude and 98.9 and 99.4 degrees west longitude). It has an average altitude of 2240 m and is almost completely surrounded by high mountains, with only two main openings located at the south and the north sides of the basin. Figure 1 shows an altitude profile of the mountains that surround the Mexico City basin. It was prepared following the perimeter drawn in the figure at right, clockwise from the left top vertex. This profile shows that the main ventilation possibilities of Mexico City are associated with the eastern wind channel crossing south-north the Mexico Basin. This feature favors northerly, northeasterly and southerly wind circulation, driven by synoptic winds and temperature gradients. However, due to the mountain-valley system of Mexico City, drainage winds are also driven systematically, mainly during nighttime and early morning, and frequently reinforced by the urban heat island phenomenon [9, 10] . 
About the Study Period
The continuous transformation and expansion of the MCMA affects its urban morphology, and therefore the modes of surface wind circulation inside it. During the period 2001-2006, within the framework of a Latin American trend to return to central urban areas, the local government conducted several urban housing and rescuing policies related to the heritage of Mexico City's historic center [16] . Moreover, in the same period, within the framework of an integral public transportation and highway administration program [17] , the local government carried out the construction of cultural and touristic corridors, strategic corridors for public transportation, vehicular traffic corridors, the second floors over Viaducto and Periferico freeways [18, 19] , vehicular bridges, and some other urban structures. In this period, the growth rate of urbanized area was 495 ha per year, while the loss rate for ecological reserves was 400 ha per year [20] . All these initiatives and processes impacted Mexico City's urban morphology, and therefore the wind circulation in the city, and also affected the performance of its ventilation mechanisms.
During the period 2001-2006, at least three important field measurement campaigns were executed in the MCMA. Throughout 2001, the M4CA group of the Instituto de Investigaciones Elé ctricas carried out the first long-term surface micrometeorological campaign (IIE2001) in Mexico City with the economic support of the Consejo Nacional de Ciencia y Tecnologí a (CONACyT) and technical assistance from Italian institutions (Servizi territorio scrl and IBIMET-CNR) [21] . During the spring of 2003 (1 April-5 May), the MCMA-2003 Field Measurement Campaign was performed by a multinational team of experts led by Luisa Molina of MIT [22] . Also, the Megacity Initiative: Local and Global Research Observations (MILAGRO) project brought an international research team of scientists and collaborating Mexican government agencies to the Mexico City area and Veracruz in March 2006 [23] . The goal of MILAGRO was to conduct measurements of pollutants and aerosol particles, and to study the atmospheric processes leading to the formation of secondary aerosols from precursor gases and the transport and transformations of these gases and aerosols on local, regional, and global scales. The overall goals of all these efforts have been contributed to the understanding of the air quality problem in megacities by conducting measurements and modeling studies of atmospheric pollutants in the MCMA [22] . 
Material Organization
The material of rest of this paper is organized as follows. In Section 2, the general methodological aspects of the study are presented. This section includes a brief description of the lattice wind modeling approach that we followed to model the Mexico City local wind events, emphasizing the main concepts of wind state (WS), discrete wind state (DWS), and wind direction state (WDS) that we used to describe the model wind events. In Section 3, the principal results derived from this wind taxonomy study are presented and discussed. Here, in Section 3.1, the temporal behavior of the model wind events and the statistics of the wind state parameters during the period 2001-2006 are presented; in Section 3.2, the characteristics and occurrence probabilities of the model wind events are analyzed and discussed in terms of the set of discrete wind states that results when the continuous wind state parameters are expressed in terms of some given discrete and finite measurement scales; in Section 3.3, the concept of wind direction state is applied to illustrate the principal modes of wind circulation in Mexico City during the study period, including an estimation of their occurrence probabilities. Finally, in Section 4, the principal conclusions of this work are summarized.
Methodological Framework: the Lattice Wind Modeling Approach
Mexico City is modeled as a 2D lattice domain of identical rectangular cells. The local wind condition at each cell is assumed to be described by the spatial averages over the cell of the wind velocity components (u, v), the wind divergence γ, and the wind vorticity ω. The quartet (u, v, γ, ω) represents the wind state (WS) at a lattice cell (that is, a model local wind event at the cell). The set of the wind states that one can observe is determined by the topographical features of the region in conjunction with all other wind driving forces prevailing there. Here, divergence and vorticity are included as additional wind state variables; this endows the model with a slightly non-local character and consents to recover one part of the wind information lost by the filtering effect of the spatial averaging processes. Afterward, from the standpoint of a lattice wind model (LWM), it is assumed that the mean velocity and its mean tendencies of rotation and divergence are known at each cell. Obviously, each wind state can be described also by a quartet (U, θ, γ, ω), where U and θ denote the speed and direction of the mean wind velocity.
In this work we followed a very simple procedure to estimate Mexico City's wind states. We applied a Kriging vector interpolation technique (boundary-constrained) to the wind data of the meteorological network REDMET (SIMAT) of Mexico City to estimate the wind velocity components (u, v) at the 81 nodes of an 9 × 9 calculation grid, which was selected to completely cover the region of interest. These estimations of (u, v) were used to calculate the spatial average parameters (u, v, γ, ω) at the cells of the 8 × 8 lattice associated with the calculation grid, using their 2D numerical definitions [24] :
Wind Velocity Components:
(1)
Wind Divergence:
Wind Vorticity:
With reference to Figure 2 , these equations provide a simple estimation of the wind state parameters at the central cell (i, j) in terms of the velocity components (u, v) at its four neighboring grid nodes (r,s). Here Δx y Δy are the distances between adjacent nodes in the x and y directions, respectively. The spatial domain was the portion of Mexico City located at 19.30-19.57 °N and 99.00-99.27 °W. This region is the (unique) cell when the 1-cell model is applied to Mexico City. The same region is considered to be divided into the quadrants NE, NW, SW and SE when the 4-cell LWM is applied. The cells or city quadrants are defined with reference to the origin located at the point (99.134°W, 19.433°N), which is the geometric centroid of the REDMET stations. The quadrants were 14.0 km long in the west-east direction, and 18.5 km long in the south-north direction. The spatial resolution of the calculation grid was 3.11 km in the west-east direction and 4.11 km in the south-north direction. Figure 3 shows the lattice domains, and Table 1 summarizes the positions of the centers of the city quadrants. The performances of San Agustin (SAG) and Tlalpan (TPN) stations were very low (the red cells in Table 2 ). They did not meet the data validation criteria of SIMAT and were excluded from the wind data base. The stations Villa de las Flores (VIF), Cuajimalpa (CUA), Chapingo (CHA), and Tlahuac (TAH) are located out of the spatial domain of study and they were excluded too (the green cells in Table 2 ).
Discrete Wind States
For some purposes, it is convenient to use discrete scales of measure to assign values to the wind state parameters; in this case the wind states are referred as discrete wind states (DWS). A DWS can be identified with a non-negative integer number ε given by
whenever the levels (or categories) of the discrete measuring scales are labeled by no-negative integers, and Sω, Sγ, and Sθ denote the numbers of discrete levels of wind vorticity, divergence, and direction, respectively. For the description purposes of the results, we used Sθ = 8 and Sω = Sγ = 3, with the categories 0, 1, 2, 3, 4, 5, 6, and 7 for wind direction, and 0, 1, and 2 for both wind divergence and wind vorticity, as defined in Table 3 . Table 3 . Categories of the discrete scales of wind direction, divergence, and vorticity. Wind speed categories were assigned using the Beaufort scale. For reference, Table 4 shows the first six categories of this scale. With this notation, e.g., wind state 191 denotes (U, θ, γ, ω) = (3, 5, 0, 2), which describes a wind event with intensity between 3.5 and 5.5 m/s, blowing from the SW, with convergent and cyclonic features. 
Wind Direction States
If the 4-cell LWM is used to describe Mexico City's wind circulation, a very simple illustration is obtained from the concept of wind direction state (WDS). Mexico City is represented by a 2 × 2 rectangular lattice, where each cell represents a quadrant of the city. The wind conditions at the city quadrants are described by the quartets (U, θ, γ, ω)NE, (U, θ, γ, ω)NW, (U, θ, γ, ω)SW, and (U, θ, γ, ω)SE. Then, the WDS of the city is defined by the four wind directions, θNE, θNW, θSW, and θSE, of the mean wind velocities in the cells. If we express wind direction in terms of the 8-sectors scale (N, NE, E, SE, S, SW, W, NW), the WDS provides a very simple but illustrative pictorial view of the wind circulation in the city. In this case, the WDS is represented by a 2 × 2 array of small squares (representing the city quadrants), each one with an arrow inside that indicates the wind direction in the cell according to Table 3 . The WDS can be conveniently identified by a four-digit octal number (or by its decimal form), whose digits, from left to right, denote (Table 3 ) the wind direction in the city quadrants NE, NW, SW and SE, respectively.
Occurrence Probabilities of the Wind States
The occurrence frequency distribution of the wind states constitutes a convenient way to quantify the occurrence probabilities of the model wind events. For a given wind state, its occurrence frequency is the fraction of the number of times this wind state occurred, relative to the total number of wind events that occurred during the period of time of the study.
Results and Discussion

Mexico City Wind States (2001-2006)
From the standpoint of the 1-cell LWM, the temporal evolution of the wind circulation in Mexico City during the period 2001-2006 is described by the time series of the wind state parameters (u, v, γ, ω) shown in Figure 4 . The frequency distribution of the values of the wind state parameters are also shown in Figure 4 , and their basic statistics are summarized in Table 5 . This table also includes the statistics of wind speed (WSP). These results reflect the following remarkable characteristics of the Mexico City winds:
Mean Wind Velocity Components: The West-to-East wind component (u) was positive for 52% of the hourly wind states, showing a slight predominance of winds from the west sectors of the city flowing to downtown. In turn, the South-to-North wind component (v) was negative for 66% of the hourly wind states, which indicates a clear predominance of winds with a flow component from north. The intensity of the model wind events, in terms of the Beaufort scale categories, was as follows: 9% of the wind events were calm, the 65% were light air, and 26% were light breeze. Higher wind speed values were no reflected by the model wind events. Mean Wind Divergence and Vorticity: The wind divergence (γ) was negative for 78% of the model wind events. This indicates that the convergent winds prevailed not only during the nighttime, but also during 50% of the daylight hours, just when one would be expecting that turbulent mixing would weaken the flow induced by the urban heat island [9, 25] . The wind vorticity (ω), on the other hand, was positive during 61% of the wind events, indicating predominance of cyclonic winds. Given the regional topography, this fact could be partially correlated (at least) with the predominance of winds with a northerly flow component (66%). The mean values presented in this table describe the mean winds of Mexico City: low intensity, northerly winds with slightly convergent and cyclonic features. This may be illustrated as in Figure 5 . 
↓ ↙ ↘ ↘
Mexico City Discrete Wind States (2001-2006)
On the other hand, Figure 6 and Table 6 summarize the results that we obtained for the occurrence frequencies of the discrete wind states (DWS) from the standpoint of the 1-cell model of Mexico City. Figure 6 shows that, in the period 2001-2006, Mexico City's discrete wind states had intensities that belong almost exclusively to the second (B1, light air) and third (B2, light breeze) categories of the Beaufort scale. It is observed, in fact, that the first three DWSs with the highest frequencies appeared in the B2 category. Table 6 summarizes the first seventeen discrete wind states of Mexico City with the highest occurrence frequencies throughout 2001-2006. This set comprises the 62% of the discrete wind states of the period. The one with highest occurrence frequency (10.96%) in the period was the 146 (2, 0, 0, 2). This state represents a northerly wind condition with intensities in the third category of Beaufort, and with convergent and cyclonic features. The DWS with the second highest occurrence frequency (5%) was that one identified as 144 (2, 0, 0, 0), which represents winds with the same characteristics as the 146, except the vorticity, which in this case is anticyclonic. Figure 6 . Distribution of the occurrence frequencies of the discrete wind states. As shown in Table 6 , the main wind directions of the wind states were N (5/17), NW (3/17), and NE (3/17), and after that SW (2/17) and W (2/17). Their absolute occurrence frequencies were 30%, 15%, 14%, 10% and 8%, respectively. Almost all these wind states represented convergent winds (16/17) . It is also shown that the discrete wind states with cyclonic vorticity were the majority (11/17) in this set.
Moreover, the states representing winds with intensity in the second category of Beaufort (light air) were also in the majority (11/17) , while the rest (6/17) were light breezes (winds with intensity in the third category of Beaufort). No wind states representing calms, neither wind states with intensities in the higher categories of Beaufort were found in this set. Table 7 summarizes the absolute fractions of the DWSs with some specific discrete values of the wind state parameters. These results indicate that the local winds in Mexico City during the period 2001-2006 were blowing mainly (59%) from the north sectors (NW, N, and NE) of the city, with low intensities (9% calms, 65% light air, 24% light breeze, and 2% gentle breeze), and with convergent (78%) and cyclonic (61%) features. On the other hand, in order to obtain a better description of wind behavior in Mexico City throughout the day, the set of discrete wind states was partitioned and organized into three subsets according to their occurrence hours: early morning (00-07 CST), morning and early afternoon (08-15 CST), and late afternoon and night (16) (17) (18) (19) (20) (21) (22) (23) . The hour ID (00, 01, 02 …) denotes the beginning of 1 h averaging period of the original wind data. These time windows were selected according to the following criteria. Let us consider Figure 7 . It shows the annual average of the hourly trends of global solar radiation, temperature, and wind speed that were measured in three sites of Mexico City during the first long-term surface micrometeorological campaign (IIE2001) carried out in this region throughout the year 2001 [21] . The measuring sites, called Texcoco (TEX), Azcapotzalco (AZC), and Xochimilco (XOC), were located in the NE, NW and SE quadrants of the city (Table 8) . According to this figure, the first time window (early morning) starts at midnight and finishes two hours after sunrise; this is the coldest period of the day (Figure 7a) , as the temperature decreases from 287 to a minimum of 285 K at sunrise (6:30h CST). As shown in Figure 7b , a slow decrease in wind speed (with values around 2 m/s) is observed during this period, and it reaches its minimum value around hour 8. Of course, it is expected that fully developed katabatic winds will be observed driven by the Mexico City mountain-valley system during these hours. The second time window (morning and early afternoon) comprises the main part of the daylight hours, starting after sunrise and finishing two hours before sunset; this is the period of maximum solar irradiance and temperature grows and reaches its maximum around hour 15 of the day (Figure 7a ), while wind speed increases and reaches its maximum value around hour 17 ( Figure 7b ). It can be expected that prevailing local winds in this period are driven by the synoptic circulation and the temperature gradients between the city and its surroundings, also reflecting the effect of the South-North wind channel located at the east side of the city (Figure 1) . The third time window (late afternoon and night) starts one or two hours before sunset and finishes at midnight. This is the cooling period of the day; the global solar radiation drops to zero between hours 18 and 19, temperature decreases from 295 to 288 K (Figure 7a ) and wind speed quickly decreases from 5.5 m/s to 2 m/s, approximately (Figure 7b ). During this period, wind behavior is expected that reflects the superposing of the remaining gap winds of the late afternoon with the start of katabatic wind development, especially close to the mountains located at the west side of the city. These observations suggest that a partition of the day into time windows 8 h long could be appropriate for analyzing the time behavior of Mexico City winds, at least as a first approximation.
Graphs (a), (b), and (c) in Figure 8 show the occurrence frequencies of the discrete wind states that belong to the subsets identified by the time windows defined above. The occurrence frequency distributions shown in these figures reflect, qualitatively, the same general features of wind speed shown in Figure 7b . Table 9 summarizes the percentages of wind events (relative to the total number of 52,584 events) that occurred, with some specific discrete values of the wind parameters for the same 8h-periods. This table, in terms of the percentages relative to the number of events of the 8h-period over 6 years (17, 528) , shows that the prevailing winds had the following characteristics: Early morning (00-07 CST): Winds were convergent (93%), had intensities from 0.25 to 1.5 m/s (75%), and were blowing from N, NW, W and SW (75%) with a slight predominance of cyclonic vorticity (54%). Morning and early afternoon (08-15 CST): Winds were blowing from N, NE and E (72%), had intensities from 0.5 to 3.5 m/s, and revealed a slight predominance of convergence (51%) and cyclonic vorticity (57%). Late afternoon and night (16) (17) (18) (19) (20) (21) (22) (23) : Winds were convergent (90%) and cyclonic (72%), had intensities from 1.5 to 3.5 m/s (66%), and were blowing mainly from N, NW, and S (63%). 1  25  7  0  8  3  1  2  3  5  5  7  31  18  08-15  0  19  15  0  11  8  5  3  2  1  1  2  17  19  16-23  0  11  22  0  11  3  1  2  4  3  3  6  30  24  Total  1  55  44  0  30  14  7  7  9  9  9  15  78  61 In Table 10 , the characteristics of the first ten highest frequency discrete wind states are described for each one of the 8 h periods. Early Morning (00-07 CST): the main wind states represent convergent low intensity winds (light air, in the Beaufort scale) blowing mainly from the N and NW (in average) with predominance of cyclonic vorticity. Morning and Early Afternoon (08-15 CST): the main wind states represent divergent, low intensity winds, blowing mainly from the N and NE (in average), with no predominance of any kind of vorticity. Late Afternoon and Night (16) (17) (18) (19) (20) (21) (22) (23) : the main wind states represent winds with convergent and cyclonic features, blowing mainly from N and NW with speeds in the range of 1.5 to 3.5 m/s (light breeze, in the Beaufort scale).
Mexico City Wind Direction States (2001-2006)
Finally, a schematic view of the wind circulation in Mexico City is given by the WDSs that occurred in the city during the study period. Figure 9 shows the frequency distribution of the WDS. Table 11 summarizes the characteristics of the first 20 with the highest frequencies of occurrence. In Figure 9 , each WDS is identified by the decimal form of its octal ID. The x-axis is divided into 8 blocks; each one comprises the set of WDS for a given wind direction in the NE city quadrant (top axis). By its proper definition, the number of possible WDSs is 4096, but only the 66% of them were observed in the city in the period 2001-2006. The frequencies are expressed as percentages relative to the total number of wind events (52,584) in the study period. The scale of the y-axis has been set as logarithmic to facilitate the visualization of the smaller frequencies. As observed in Table 11 , the occurrence frequency (5.92%) of WDS 0 (0000, northerly wind at all quadrants) is three times larger than WDS 7 (0007, northwesterly wind at SE quadrant, and northerly at other three) with the second-highest frequency (1.83%) and almost ten times larger than the WDS with the smallest frequency in this table. As a whole, the twenty wind direction states summarized in Table 11 make up the 26% of the total number of hourly model wind events. All the WDS presented in this table represent winds with a flow component from north in at least three of the city quadrants, with exception of the wind direction states identified by the octal numbers 4554, 1653, 1652, and 4454. The states 4554 and 4454 represent winds with a flow component from south, while the states 1653 and 1652 represent highly convergent winds toward the city's downtown (Figure 10 ). Tables 12-14 summarize the highest-frequency Mexico City wind direction states for the 00-07 CST, 08-15 CST, and 16-23 CST time periods. Each table shows the first fifteen WDS with the highest frequencies for one of the 8h-periods. These frequencies are relative to the total number of wind events in the study period. systematic availability of high quality wind data from this network made it possible to perform studies for longer time periods with no additional technical problems. The conceptual simplicity of this analytic approach also allows its application for practical goals, such as identifying and selecting wind scenarios for air quality assessment [13, 14] and wind resource assessment. The data sets of the four wind state parameters follow statistics different from the normal distribution, as it is established by their values of skewness and kurtosis (both different from zero). The data sets of the wind velocity components and vorticity are peaked relative to a normal distribution, which is clearly reflected by their high kurtosis values, but kurtosis of wind divergence is low. The west-to-east wind velocity component (u) and vorticity are skewed right, while south-to-north wind velocity component (v) and wind divergence are skewed left. The basic statistics of the wind state parameters (Table 5) indicates that the data set closer to a normal distribution was that of wind divergence.
During early morning the prevailing winds were convergent (93%) with speeds from 0.25 to 1.5 m/s (75%), blowing mainly (75%) from N, NW, W and SW, and with a slight predominance (54%) of cyclonic vorticity. During morning and early afternoon a slight dominance of convergent winds (51%) was observed, the prevailing winds were blowing mainly (72%) from the N, NE and E, with speeds from 0.5 to 3.5 m/s, and revealed a slight predominance (57%) of cyclonic vorticity. During late afternoon and night, the prevailing winds were convergent (90%) and cyclonic (72%) with speeds from 1.5 to 3.5 m/s (66%), and blowing mainly (63%) from the N, NW, and S. Percentage figures are relative to the number of events in the 8h-period.
The set of Mexico City's wind direction states was obtained, the occurrence frequencies of the WDSs were estimated, and their arrangements according to the belonging of their occurrence hours to the time intervals of early morning, morning and early afternoon, and late afternoon and night were carried out. This analysis also permitted a schematic illustration of the principal wind circulation modes that prevailed in Mexico City during the period 2001-2006. 
